In the rat, continuous access to d-amphetamine (d-AMPH) leads to lengthy bouts of self-administration, voluntary abstinence, and relapse to selfadministration. Previous studies have revealed that the progression from psychostimulant self-administration to abstinence to relapse is mediated in part by the ventral hippocampus. Stimulation of the ventral subiculum (vSub) during voluntary abstinence from d-AMPH self-administration reinstates self-administration and increases nucleus accumbens (NAc) dopamine efflux. Quantitative proteomic examination of the hippocampus from rats naïve to amphetamine, during a self-administration session 'Binge', during voluntarily abstinence 'Abstinent', and after reinstatement of selfadministration 'Relapse', revealed a differential proteomic state during abstinence. Actin-and cytoskeletal-related proteins were over-represented in the changes occurring during abstinence and suggest a decrease in actin filament polymerization. These changes may underlie alterations in neuronal tone during abstinence that could affect both neurotransmission and behavior. These data provide the first classification of addiction-related behaviors based on clustering of quantitative proteomic measurements.
INTRODUCTION
The psychostimulant and reinforcing properties of d-amphetamine (d-AMPH) appear to be mediated in part by dopamine (DA), specifically DA efflux in the ventral striatum/nucleus accumbens (NAc). 1 Rats readily engage in intravenous self-administration (IVSA) of d-AMPH and given continuous access, will engage in a cyclic IVSA pattern of binge, abstinence, and relapse, 2 reflecting the typical use pattern of human drug abusers. 3 Understanding the neurobiological substrates mediating the transition from one behavioral phase to the next is critical to the development of more effective treatment strategies. The onset of abstinence can be characterized neurochemically by diminished NAc DA efflux, whereas increased NAc DA efflux precedes reinstatement. 2, 4 If d-AMPH is administered noncontingently during abstinence, no resulting increase in NAc DA efflux is observed. 4 This point emphasizes the importance of using IVSA in the study of drug reinforcement since noncontingent drug administration does not replicate the neurochemistry of self-administered drugs. reinstatement of d-AMPH IVSA. Stimulation of the vSub increases NAc DA levels and reinstates d-AMPH seeking behavior in a glutamate-dependent manner. [7] [8] [9] Theta burst stimulation of the vSub reinstates cocaine IVSA in a glutamate-dependent manner, 10 while inactivation of the vSub blocks cocaine IVSA reinstatement elicited by both a drug-prime and a conditioned stimulus. 11 These reports clearly suggest that hippocampal and glutamatergic mechanisms may be involved in modulating reinstatement/ relapse of psychostimulant drug self-administration.
The application of functional genomic approaches to substance abuse has provided considerable information on drug-induced alterations in gene expression within various brain regions. 12, 13 Advances in proteomic technology now make it possible to detect and quantify alterations in abundance and modification of thousands of proteins simultaneously.
14 Given that drug addiction is a dynamic behavioral and biochemical process, the ability to simultaneously assess the expression and modification of multiple proteins would lead to a more complete understanding of addiction pathophysiology. Combining proteomics technology with animal models of d-AMPH IVSA binge/abstinence cycling will facilitate the discovery of mechanisms that mediate long-term behavioral changes associated with the addictive process.
Using two-dimensional difference gel electrophoresis (2-DIGE), which separates proteins based on isoelectric point and molecular weight and uses fluorescent dyes for quantitation, 15, 16 we quantitatively compared hippocampal protein expression and modification in four temporal groups: d-AMPH-naïve controls (Naïve), 3-h into IVSA session (Binge), after a d-AMPH binge followed by 3-h of voluntary abstinence from IVSA (Abstinent), and after binging and abstinence followed by 3-h of IVSA reinstatement (Relapse). The goal of this study was to examine a brain region containing the cell bodies of glutamatergic afferents known to alter d-AMPH drug self-administration. Proteins were identified by matrix-assisted laser desorption ionization time-of-flight-time-of-flight tandem mass spectrometry (MALDI-ToF/ToF), and patterns of protein expression during the different behaviors were compared.
MATERIALS AND METHODS

Animal Methods Subjects
Male Sprague-Dawley rats (University of British Columbia breeding facility, Vancouver, Canada), weighing approximately 300 g, were individually housed in plastic cages in a colony room with an ambient temperature of 221C, and adapted to a reverse light : dark cycle (lights off at 0400 hours). Food (Purina Rat Chow) and water were available ad libitum during all phases of the experiments, except as noted below. All experiments were conducted in accordance with the standards of the Canadian Council on Animal Care and were approved by the Committee on Animal Care, University of British Columbia.
Surgery and training
After a 7-day environmental acclimation period, rats were food deprived for 16 h before being placed in operant chambers (Med Associates, Inc., VT, USA). Responding on the active lever was engendered and maintained under a fixed ratio-1 (FR1) schedule of reinforcement with 45 mg Noyes food pellets. Food training was conducted daily in 2-h sessions for a period of 7 days. The operant chambers used for food training were identical to the chambers used for drug self-administration; however, they were only equipped with one lever and there was no house-light to signal the start or end of the session. Upon completion of training, rats were returned to free-feeding conditions. Following food training, rats were surgically implanted with a chronically indwelling jugular cannula, as previously described. 17 Briefly, rats were anaesthetized with ketamine (100 mg/kg, i.p.) and xylazine (8 mg/kg, i.p.) prior to surgery. A silastic cannula was implanted into the right jugular vein and the free end of the cannula was passed subcutaneously to the head of the rat and was connected to a plastic screw-on connector (Plastics-One, Inc.). The assembly was mounted on an exposed area of the skull using four stainless steel jewelers' screws and dental acrylic. All cannulae were flushed regularly with heparinized saline (10 IU) to help maintain patency. d-AMPH IVSA training sessions began 7 days after surgery.
Amphetamine self-administration
Rats were trained to self-administer d-AMPH (0.1 mg/kg per injection) under an FR1 schedule of reinforcement (maximum 12 injections per day over a 3-day period, with sessions lasting 5 h). Rats were placed in an operant chamber (Med Associates, Inc., St Albans, VT, USA) equipped with a house-light, one active, and one nonactive lever. Cue-lights were located above each lever and drug infusions were accompanied by flashing of the cue-light located above the active lever. The start of the drug session was signaled by illumination of the house-light for 30 s prior to the delivery of a priming injection of d-AMPH. The house-light remained illuminated for the remainder of the session to signal the availability of the drug. After the priming injection, each response on the active lever resulted in the delivery of saline solution containing d-AMPH over a 5-s period. Infusions were followed by a 20-s timeout period during which the cue-light was turned off and presses on the levers had no programmed consequence. Responses on both the active and inactive levers were recorded throughout the session. Rats were removed from the test chambers 30 min after the end of each session. Rats that completed the maximum number of injections available during all 3 daily training sessions (a total of 13 infusions including the priming dose per session per day) were then placed in the operant chambers for a 24-h session on day 4. Following 24 h in home cages (day 5), rats were randomly assigned to the Binge, Abstinent, or Relapse group, and on day 6 were returned to the operant chambers. Rats in the Binge group self-administered d-AMPH for 3 h before being killed via an overdose of ketamine delivered through the jugular cannula to confirm patency. Rats in the Abstinent group were allowed to self-administer d-AMPH for a voluntary time period (minimum 3 h) and were killed after no responses on the active or inactive levers for 3 h. The Relapse group was allowed to self-administer d-AMPH for a voluntary time period (minimum 3 -h), which was followed by at least 3 h of no response on the active or inactive levers, and then killed after 3 h of relapse to d-AMPH IVSA (Figure 1 ). The number of lever presses on the drug-paired lever as well as the number of lever presses on the inactive lever, and interinfusion time for each infusion were recorded via a computer interface system (MED Associates Inc.), which controlled the delivery of drug and food. During the 24-h and unlimited access test sessions, food and water were available in the operant chamber. Naïve control animals were food trained, implanted with cannulae, and recuperated for 7 days before receiving 3 days of IVSA training where responses on the active lever produced a saline injection (maximum number of injections per session equaled 13, including the priming infusion). On day 4, control animals were then placed in chambers for 24 h with the active lever eliciting a saline injection, and were then given 24-h off. Finally, on day 6, control animals were placed in operant chambers for precisely 3 h with the active lever producing a saline injection, and were then killed as described above. The 3-h minimum used in the d-AMPH Binge, Abstinent, and Relapse groups was chosen based on previous studies from our laboratory that measured the efflux of DA and DA metabolites resulting from d-AMPH IVSA under continuous access conditions. 2, 4, 8, 17 For the Binge and Relapse groups, 3 h of IVSA has been demonstrated to significantly elevate DA efflux compared to baseline levels, and decrease DA metabolites DOPAC and HVA compared to baseline levels. For the Abstinent group, previous behavioral data indicate that the majority of rats that voluntarily ceased to respond to d-AMPH for 3 consecutive hours remained in the abstinent state for an average of 18 h.
2,4,8,17
2-DIGE and data analysis
The entire hippocampus was dissected as previously described. 18 Tissue was initially ground and sonicated as described previously. 19 Protein was precipitated from other cellular substances using 2D-Cleanup (GE Healthcare, Piscataway, NJ, USA), resuspended in sample buffer (30 mM TrisCl, 2 M Thiourea, 7 M Urea, and 4% CHAPS, pH 8.5), and quantified using 2D-Quant (GE Healthcare). A 600 mg normalization/preparative pool was created from 50 mg of protein from each sample. In total, 50 mg of each sample or aliquot of the normalization pool was labeled with the appropriate fluorophor (Figure 2 ). Proteins were focused according to isoelectric point using an ETTAN IPGPhor apparatus (GE Healthcare) using 24 cm pH3-10NL IEF gels (GE Healthcare) in Immobiline DryStrip holders. Strips were overlaid with mineral oil to prevent drying and the ETTAN IPGPhor apparatus was set to 201C. Focusing used the following voltages: 14 h at 0 V (rehydration); 6 h at 30 V (rehydration); 3 h at 300 V (step-and-hold); 3 h at 600 V (gradient); 3 h at 1000 V (gradient); 3 h at 8000 V (gradient); 4 h at 8000 V (step-and-hold). Each of the strips were then equilibrated to SDS in 10 ml 50 mM TrisCl, 6 M Urea, 30% glycerol, 2% SDS, and 0.5% dithiothreitol for 15 min. A second equilibration was performed as above but with 4.5% iodoacetomide instead of dithiothreitol.
Focused proteins were then separated by molecular weight on 12.5% polyacrylamide gels (26 cm-w Â 20 cm-h Â 1.0 mm-thick) in an Ettan DALT six (GE Healthcare) gel apparatus. The IEF strips were placed on top of the twodimensional gel and sealed with a 0.5% low melting point agarose solution containing bromophenol blue. The 50 mM TrisCl, 0.384 M glycine, 0.2% SDS running buffer was placed in the upper reservoir and 25mM TrisCl, 0.192 M glycine, 0.1% SDS was used in the lower reservoir. Gels were run at 1.5 W/gel overnight with the temperature controlled at 201C. For the preparative gel (the one to be used later for spot picking and protein identification), one of the glass plates had picking reference stickers placed on it and the plate was then treated with 80% ethanol, 0.02% glacial acetic acid, and 0.001% bind-silane and allowed to dry before pouring of the gel. After completion of electrophoresis, the nonbind-silane-treated plate was removed and the gel was fixed for 1 h with 30% methanol and 7.5% glacial acetic acid. The preparative gel was then stained for 6 h with SyproRuby (BioRad, Hercules, CA, USA) and then washed with 10% methanol and 6% glacial acetic acid for 2 h. The quantitation gels, those with the Cy dye-labeled proteins, were not bound to the plate because staining of the gel was not necessary. All two-dimensional gels were scanned on a Typhoon 9410 (GE Healthcare) fluorescent imager at a resolution of 100 mm. Photomultipler tube voltages were individually set for each of the three color lasers to ensure maximum, linear signal. The same voltages were used for all gels. The preparative gel was scanned at 100 mm with just one laser. Gel images were then imported into DeCyder 5.0 (GE Healthcare). Spot detection was conducted and spot exclude filters (based on peak slope, area, and height) act automatically. This was followed by manual inspection to eliminate other, artifactual spots and to unexclude spuriously eliminated spots. Spot maps (all of the spots in a gel and their locations) were then matched to each other automatically based on landmarked, manually matched spots. Spot matching was then manually edited to ensure correct matching. Quantitation of spots was accomplished by creating a ratio of each Cy3 and Cy5 channel to the normalization pool/Cy2 channel present on each gel. Samples from each group were randomly assigned to the Cy3 or Cy5 channel to ensure no dye-based artifacts in quantitation ( Figure 2) . All values were expressed in relation to the normalization spot for that gel. ANOVA analysis was then applied to find differentially regulated spots.
Protein identification/mass spectrometry
Spots were robotically picked from the preparative gel using an Ettan Spot Picker (GE Healthcare). The spots chosen for picking were determined on the basis of differential expression from the 2-DIGE analysis and a random sampling of unchanged proteins was also picked for identification. The picker head was calibrated using the reference stickers placed on the preparative gel plate. Excised gel plugs were automatically placed in 96-well, barcoded plates. The 96-well plates were then transferred to an Ettan Digester robot. The following program was then used for in-gel digestion of proteins: 250 ml of water (from picking) was removed, plugs were washed twice with 100 ml 50 mM ammonium bicarbonate/50% methanol for 20 min, and then dried with two cycles of 100 ml 75% acetonitrile for 20 min. Gel plugs were then dried to completion in a vacuum centrifuge plate spinner. Then, 7 ml of 2 mg/ml sequencing grade trypsin (GE Healthcare) in 20 mM ammonium bicarbonate was added to each well. Plates were then sealed and incubated overnight at 371C. Digested proteins were then extracted from the gel plugs with the Ettan Digester by addition of 60 ml 0.1% trifluoroacetic acid/50% acetonitrile, incubation for 20 min and then transfer of 50 ml to an extract 96-well plate. This cycle was then repeated and then repeated twice more with the addition of 40 ml 0.1% trifluoroacetic acid/50% acetonitrile and transfer of 50 ml to the extract plate. Extract plates were then dried to completion in a vacuum centrifuge plate spinner. Peptides were then desalted and concentrated using C 18 ZipTips (Millipore, Billeria, MA, USA). Tips were wetted Figure 2 2-DIGE method. The normalization pool group was created by combining 50 lg of protein from each of the 12 samples used. The normalization pool was run on each gel (50 lg labeled with Cy2) to normalize quantitation across gels. Naïve, Binge, Abstinent, and Relapse animals were randomly assigned to the Cy3 or Cy5 channel to avoid any dye-specific artefacts.
with 10 ml 50% acetonitrile/50% water and equilibrated with 10 ml 0.1% trifluoroacetic acid in H 2 O pHo4. Samples were then drawn into the ZipTip column and washed twice with 0.1% trifluoroacetic acid in H 2 O. Peptides were then eluted from the column in 5 ml 0.1% trifluoroacetic acid/50% acetonitrile. Peptides were then analyzed by MALDI-ToF/ToF mass spectrometry using a 4700 Proteomics Analyzer (Applied Biosystems, Foster City, CA, USA). 20 In total, 0.9 ml of each ZipTip-cleaned peptide sample was spotted onto a 192 position MALDI-ToF/ToF target plate (Applied Biosystems); 0.8 ml of 2.5 mg/ml ACH-cinnamic acid in 60 : 40 acetonitrile : water (both HPLC grade) was then spotted onto each position of the plate. For each sample, an initial mass spectrum was collected. Based on that mass spectrum, up to 15 precursors were selected for tandem mass spectrometry (MS/MS) analysis. Using GPS Explorer 2.0 software (Applied Biosystems), the MS and MS/MS data were submitted to a MASCOT search engine for identification. The NCBI nonredundant database and the Mammalia taxonomy were used for the searches. A protein was considered identified if the MASCOT confidence interval was 485th percentile.
Clustering and ontology
Normalized signal intensities were imported into VectorXpression 3.0 (Informax Inc., Frederick, MD, USA). Proteins with significant changes (ANOVA, n ¼ 3/group, Po0.05) and no missing values were then ranked according to the Fisher distance difference between Naïve and Abstinent groups. These groups were chosen due to the preliminary observation that the Abstinent group contained the greatest number of changes. Using an iterative Principal Component Analysis (PCA) process and starting with the largest Fisher distance difference, the largest group of proteins was found, which contained the most variance in the first two principal components. PCA analysis was performed to identify the subset of changes that contained the largest set of information and that allowed the greatest discrimination between behavioral groups. Once this group was found, this subset of proteins was used to generate PCA and K-means clustering graphs. The K-means clustering used a nonhierarchical Kmeans divisive scheme based on Euclidean distance. This method starts by splitting all objects into two clusters and repeats for each daughter cluster until each cluster contains only one object and is used to find samples/subjects that have similar expression profiles in terms of the magnitude of their expression levels. Protein accession numbers for all the proteins identified in the study were imported into the Celera Panther Database. 21, 22 In Celera classifications, each protein was assigned a molecular function. Over/underrepresentation of particular classifications was accomplished with the list compare function.
Statistics
Sample size for proteomics experiments was determined by an ANOVA power calculation (minimum difference 0.5; standard deviation of residuals 0.1, groups 4, power 0.8, and alpha 0.05). A post hoc Tukey multicomparison test (Po0.05) was used to determine pairwise differences between groups.
RESULTS
d-AMPH IVSA
The patterns of d-AMPH IVSA observed during continuous access were similar to previous studies that have used this model. 2, 4, 17 During the first 24 h of unlimited access period (Training Sessions, day 4), there were no significant differences in the total d-AMPH intake between Binge, Abstinent, and Relapse groups, with all three groups averaging approximately 12.5 mg/kg (data not shown). During both the first and second unlimited access session (Testing Session, day 6), all animals directed their respondses almost entirely towards the active lever. There were sporadic signs of increased responding evident on the inactive lever in some rats immediately prior to voluntary abstinence, which could be attributed to a generalized increase in motor activity.
During the Testing Session, the Binge group self-administered d-AMPH for 3 h before being killed. Examination of the pattern of responses on the active lever during the Testing Session (Figure 3 ) indicated that on average the rats in the Abstinent group self-administered d-AMPH for 32.876.2 h before abruptly abstaining. All Abstinent animals were then killed after 3 h of no response on the active lever. For the Relapse group, the initial d-AMPH IVSA was 29.873.4 h followed by an average of 15.374.8 h of abstinence. The Relapse group was only allowed to resume d-AMPH IVSA for 3 h before being killed. The total average intake of animals in the Abstinent group and the Relapse group did not differ (27.573.3 vs 27.873.5 mg/kg, respectively), despite the fact that animals in the Relapse group had three additional hours of IVSA exposure. This is in part due to the fact that only a small dose of d-AMPH was available in each infusion and intake during the relapse period was limited to 3 h, a short time period compared to the average 31.5 h of the initial binge.
2-DIGE and MALDI-ToF/ToF Analysis
Labeled proteins were separated and produced typical spot patterns for a two-dimensional gel (Figure 4) . The six quantitation gels and the preparative gel produced highly similar spot patterns (data not shown). Spots were detected from gel images by DeCyder 5.0 and matched automatically across all seven gels. In total, 1294 spots were detected. After manual editing of the spot matches, 917 (70%) were matched across at least three gels (enough to provide quantitation for all groups). This step was required to eliminate artifactual spots, such as dust particles and glass smudges, that were not deleted automatically by the program. Signal intensities were then normalized to the Cy2 channel in each gel and the resultant normalized signal was used to test for potential changes (ANOVA Po0.05, n ¼ 3/group) of which 73 were found.
All potential changes and a sampling of unchanged proteins (214 protein spots in total) were subjected to digestion and MALDI-ToF/ToF. A total of 108 proteins were identified with a high degree of confidence (see Supporting Results, Supplementary Tables I-III) ; 49 of the identified proteins were potentially altered (ANOVA, Po0.05) at some time point of d-AMPH IVSA compared to naïve animals (see Supporting Results, Supplementary Tables I and II). These proteins have a variety of biochemical functions and a range of temporal expression profiles across the separate phases of IVSA. Some proteins were seen to increase or decreases in abundance solely at one time point, while others were different at two or more time points. Of particular interest was the finding that the majority of changes occurred in the Abstinent group. Post hoc testing revealed that 12 proteins were reduced and 10 proteins induced in Abstinent animals in each pairwise comparison to Naïve, Binge, and Relapse groups (Table 1 and see Figure 5 for examples).
Clustering and ontological analysis
Given the number of changes found and that many changes were specific to the Abstinent group, clustering analysis was used to find those changes that were most indicative of the behavioral state. 23, 24 An iterative PCA process was used to cluster individual animals and therefore find those changes that were most indicative of the behavioral state. A group of 22 proteins/isoforms were found in which the first two components accounted for 93.8% of the variance in the study and which completely segregated the Abstinent animals from animals in all other groups (Figure 6a) . A nonhierarchical K-means divisive clustering of the subjects based on this classification group of proteins also segmented the Abstinent animals from all other subjects (Figure 6b ). Relative expression levels of the classification group also clearly show the uniqueness of the Abstinent animals from all others (Figure 7) . The proteins used for classification displayed both increases and decreases in expression, and/or modification (eg phosphorylation) as, in some cases, multiple spots were identified as the same protein but only certain species were altered in quantity.
To ascertain processes and potential biological outcomes of the changes observed, 25 all the proteins identified were imported into the Celera Panther database. 21, 22 Different groupings of proteins (eg all proteins identified, unchanged proteins, and proteins from the classification cluster) were compared for under-or over-representation of particular molecular functions (Figure 8 ). The classification grouping was found to have an under-representation of ribosomal proteins and an overabundance of actin-and cytoskeletalrelated proteins.
DISCUSSION
The present study is the first report of proteomic profiles during transitional states of psychostimulant self-administration. We identified a number of proteins and protein modifications differentially regulated in the hippocampus at different points of a d-AMPH IVSA cycle of binge-abstinence-relapse. Hippocampal tissue was collected from animals at time points that were based on their operant behavioral state (Naïve, Binge, Abstinent, Relapse). For the Number of lever presses Figure 3 Total number of lever presses (7SEM) on the active lever during different cycles of intravenous self-administration of damphetamine (d-AMPH). Rats were randomly assigned to the Binge, Abstinent, or Relapse group following 3 days of training under an FR1 schedule of reinforcement. All rats were given unlimited access to 0.1 mg/kg per injection in a 24-h self-administration session. There were no significant differences between lever-pressing behavior in any of the groups. After a 24-h rest period, rats were given a second unlimited access session. Rats in the Binge group were permitted to self-administer d-AMPH for 3 h before being killed. Rats in the Abstinent group were permitted to self-administer until they entered voluntary abstinence, and were killed at the end of a 3-h period during which there was no response on either the active or inactive lever. Animals in the Relapse group were permitted to reinitiate self-administration after an abstinence period that lasted at least 3 h, and were killed 3 h after they resumed responding. Control animals self-administered saline, and were killed 3 h after the start of the second unlimited access session. Abstinent and Relapse animals, the duration of d-AMPH IVSA or abstinence was voluntary and therefore differed slightly between animals. The benefit of this design is that tissue was collected from animals while they were engaging in a behavior. Each of the discrete behavioral states has wellcharacterized NAc DA neurochemistry. We have previously Standardized Abundance Figure 5 Examples of hippocampal proteins with significant differences in expression specific to abstinence. Representative threedimensional plots of specific spots along with the standardized (to the Cy2 normalization channel) values are given. Locations in the preparative gel are shown. 2, 4 that NAc DA efflux increases during a d-AMPH binge, reaches an apex and then begins to decrease, even as self-administration continues. Despite continued access to d-AMPH, the animals will voluntarily cease IVSA and enter an abstinent phase during which NAc DA levels fall to a nadir. As the abstinence phase continues, NAc DA levels will begin to recover towards baseline levels, and upon voluntary resumption of d-AMPH IVSA NAc DA levels once again increase in response to d-AMPH exposure. Previous data from this laboratory have also indicated that the mesolimbic DA system is pharmacologically unresponsive to the actions of d-AMPH immediately prior to, and during abstinence, and that recovery of function in this system is accompanied by reinstatement of d-AMPH IVSA. 2, 4 Stimulation of the vSub during abstinence induces NAc DA efflux and reinstatement to d-AMPH IVSA, and to a greater degree than d-AMPH priming. 26, 9, 8 Similar findings of changes have been reported with cocaine self-administration and inactivation or activation of the vSub. 27, 10 Given that the vSub sends direct and indirect glutamatergic afferents to the NAc and stimulation of these afferents induces d-AMPH IVSA relapse, we chose to investigate whether there were changes in hippocampal protein expression and modification across each phase of the binge-abstinent-relapse cycle of d-AMPH IVSA.
Differential expression of proteins was found at each phase of the d-AMPH IVSA cycle. In particular, the Abstinent group exhibited a proteomic profile unlike those of the other behavioral states. It is possible that protein changes in the Abstinent group are related to disruption in circadian rhythms associated with extended hours of drug selfadministration; however, the animals in the Abstinent group were killed at various times of the day and night, depending on when they entered the abstinence phase. Animals in the Relapse group were also killed at various times of day or night depending on the length of their IVSA binges and their abstinent period and would therefore be likely to exhibit similar disruptions in circadian rhythms. Also of note is that protein levels were similar in Naïve, Binge, and Relapse groups, and that many of the changes (increases or decreases) observed were specific to the Abstinent group. The proteins identified in this study have a wide variety of functions (Figure 8) . Clustering of the protein changes revealed a subset of proteins that segregated the Abstinent animals from all others. This subset of proteins contained an overabundance of actin-related proteins and an under-representation of ribosomal-related proteins.
The paucity of ribomsomal proteins in the classification cluster suggests that translational changes are not indicative of the Abstinent subjects. While there were ribosomal proteins identified as being changed in some groups, these differences were not part of the classification cluster. This would suggest that protein translation mechanisms are in a normative state during abstinence.
It is of note that in the classification cluster there are several proteins involved in the regulation of actin filament polymerization. CapZb decreases actin polymerization by blocking actin barbed ends, 28, 29 and is increased specifically during abstinence. ARP3 and Coronin 1A, both of which increase actin filament assembly, 30, 31 are decreased specifically during abstinence. Taken together, this would suggest a decrease in actin polymerization during abstinence which could alter potassium, 32 sodium, 33 calcium, AMPA, 34 and NMDA receptor channel function. 35 Owing to its regulation of receptor functionality, actin polymerization regulation can affect the potentiation or depression of a neuron. Inhibition of actin polymerization impairs LTP but not LTD. 36, 37 Furthermore, electrical stimulation can change actin polymerization dynamics. 36, 38, 39 These findings combined with those of this study suggest a changed neuronal tone in the hippocampus where potentiation may be diminished and depression enhanced, and that might contribute to behaviors associated with drug intake. The group of hippocampal proteins found by the PCA clustering was also used for K-means clustering of the animals. This nonhierarchical K-means divisive scheme reveals a cluster solely composed of Abstinent animals.
Stimulation-induced reinstatement of self-administration appears to be glutamate dependent, 7, 10 making the finding of increased NR3A2/Grin3a specifically during abstinence particularly noteworthy. NR3A is a relatively calciumimpermeable ionotropic receptor that forms heteromers with NR1 and serves as an excitatory glycine receptor. 40 Previously, NR3A expression has been reported in the rat retrohippocampal region, with highest expression in the vSub. 41 Another glutamate-related change observed was an increase in aspartate aminotransferase (AST), which was also evident only in the Abstinent rats. Aspartate aminotransferase, the enzyme that catalyzes the transamination between aspartate and 2-oxoglutarate to yield glutamate, is widely distributed in the brain. 42 Changes in AST may reflect alterations in glutamate metabolism, or changes in excitatory neurotransmission that could play a role in the transition from self-administration to abstinence after high levels of d-AMPH intake.
For both actin-and glutamate-related protein changes observed, further experiments are needed to both localize and determine the functionality of these changes. As the entire hippocampal formation was examined in this study, more discrete anatomical techniques will be used in future studies to determine in which subregion of the hippocampus the alterations take place, and the nature of the cell type affected. Functionally, manipulations of actin polymerization or NR3A agonism/antagonism are needed to assess the biochemical, electrophysiological, and behavioral outcomes of these proteins. Assessment of biochemical changes with stimulation-induced relapse will also be performed to extend the findings of this study.
While this study demonstrates the application of quantitative proteomic technology for assessing a time course of brain protein expression and modification, future improvements are needed to examine a larger portion of the proteome. This study used unfractionated protein and standard protein solubilization buffers/detergents and examined only a portion of the proteome. The resulting proteins were predominantly hydrophilic (grand average of hydropathicity 43 (GRAVY) scores o0.0, data not shown), which may, in part, explain why some proteins of interest to the addiction field were not detected. A lack of sensitivity might also explain why these proteins were not detected. Many proteins of interest to addiction researchers are expressed at low levels; levels below the current detection sensitivity of this methodology. Nonetheless, this study provides for the first time a proteomic examination of a large number of proteins during different behavioral states of an operantly conditioned animal.
As of today, no comprehensive proteomic analyses (similar to that possible with microarrays for mRNA) have been conducted on any type of sample, but there are several approaches towards reaching that goal. The use of multiple, narrow IEF gradient gels is one method for detecting more proteins. 44 Parallel examination of prefractionated cytosolic, membrane, and nuclear components would increase the Figure 7 Heat map of classification proteins. Proteins in the classification cluster with expression levels represented in red for low expression and green for higher expression.
coverage of the proteome. Analysis of membrane proteins carries additional technical hurdles. 45 There remains some controversy as to capabilities of electrophoresis-based separation of proteins combined with MS identification as opposed to HPLC-based separations of peptides combined with MS identification in analyzing hydrophobic/membrane proteins. A recent study 46 demonstrated that electrophoresis and HPLC separations are comparable in their ability to detect hydrophobic/membrane proteins. The most important hurdle with respect to increasing the number of proteins analyzed is sensitivity. The current study used a limited amount (50 mg) of protein per sample in the quantitative gels. Even more sensitive dyes 47 or a method of protein amplification are needed to examine specific cell populations within the hippocampus.
This study was conducted to examine the proteomic changes in the hippocampus during the d-AMPH bingeabstinence-relapse cycle of behavior and demonstrates the applicability of quantitative proteomic technologies to behavioral pharmacology research. Future studies will assess the proteomic response of the NAc and other brain regions during these behaviors. It is anticipated that the proteomic changes in the NAc will be different from those observed in this study, reflecting the contrast between the types and functions of neurons found in the NAc and those in the hippocampus. These future studies will also need to utilize the strategies outlined above to gain a more comprehensive picture of the proteome. Also, the results of this study will be examined further by localization of the changes to specific cell types in the hippocampus and testing of the behavioral effects of actin depolymerizing agents.
This work represents the first classification of behaviors based on clustering of quantitative proteomics measurements. These findings also present the first indication of numerous protein expression and modification changes in the hippocampus of rats engaged in d-AMPH IVSA, voluntary abstinence, and reinstatement of self-administration.
